The effect of phenylthiourea as a corrosion inhibitor for low carbon steel at different hydrochloric acid concentrations, different temperatures and fixed speed of electrode rotation, were addressed in this work. Polarization technique was used to evaluate the corrosion rates parameters. The corrosion rate of low carbon steel increases with temperature and follows Arrhenius equation in all acid concentrations in presence and absence of the inhibitor. Detailed thermodynamic parameters of activation (∆H act and ∆S act ) for the corrosion reaction were obtained using nonlinear estimation method, while adsorption parameters (∆G ads , ∆H ads and ∆S ads ) were obtained using graphical method. Maximum inhibitor efficiency was (96.44%) obtained at 1 M HCl at 333 K and 1 g/L inhibitor concentration.
Introduction
Acid solutions are generally used for the removal of undesirable scale and rust in several industrial processes. Hydrochloric acids are widely used in the pickling processes of metals. Use of inhibitors is one of the most practical methods for protection against corrosion, especially in acid solutions, to prevent metal dissolution and acid consumption [1] . The use of organic compounds containing oxygen, sulphur and nitrogen to reduce corrosion attack on steel has been studied in some details [2] [3] [4] [5] . Sulphur and nitrogen containing compounds are more effective as corrosion inhibitors in hydrochloric acid [6] . The existing data show that most organic inhibitors get adsorbed on the metal surface by displacing water molecules and form a compact barrier film [7] . The availability of lone pairs and π electrons in the inhibitor molecules facilitates the electron transfer from the inhibitor to the metal, forming a coordinate covalent bond [8] . The strength of the adsorption bond depends on the electron density, on the donor atom of the functional group and also on the polarisability of the group. Thiourea and its derivatives are widely used as acid inhibitors in industrial operations, such as pickling, descaling, cleaning, acidification of oil wells, to protect metals and alloys [9] . The corrosion inhibitor acts as a protective film and is superior to amine-based inhibitors in acidic media. This kind of inhibitor simultaneously acts in both anodic and cathodic areas. The organic substances belonging to this group contain mainly oxygen, sulfur, nitrogen atoms, and multiple bonds in the molecules that facilitate the adsorption on the metal surface [10] . Sulfur compounds, such as thiourea derivatives, are very effective corrosion inhibitors for steel in acidic conditions because of sulfur atom is easily protonated in acidic solution and a stronger electron donor than nitrogen. Therefore, sulfur atom is more strongly adsorbed to the metal surface [11] . The molecular structure of phenylthiourea (PTU) is as follows:
In this work the inhibitive behavior of phenylthiourea on low carbon steel in 1, 3 and 5 M HCl solution at different temperatures and fixed speed of rotation has been studied.
Experimental work
Description of the system and materials Samples of cylindrical shape with outside diameter of 1.96 cm and a length of 0.5 cm, of low carbon steel were used. The specimens were first degreased with analar benzene and acetone, and then annealed in a vacuum oven at 600 o C for 1 hour, and cooled to room temperature. Samples were abraded in sequence under running tap water using emery paper of grad number 220, 320, 400 and 600, then washed with running tap water followed by distilled water, dried with clean tissue, immersed in acetone and benzene, and then kept in desiccators over silica gel bed until time of use. The corrosion cell has four necks: one was fitted with the working electrode, other one for immersing a thermometer in order to observe the test temperature, and the third one had a spherical joint for manipulating the lugging capillary probe. The probe was adjusted to be in a distance not more than 2 mm from the working electrode. The fourth neck input a graphite electrode. All potential values were measured in reference to saturated calomel electrode (SCE). DC power supply which is equipped with current and voltage limiters offers better stability and control, its type is 6236B, triple output supply Hewlet Packard, USA. In the present work, the corrosion reaction of low carbon steel in 1, 3, and 5 M HCl, at 303, 313, 323, and 333 K, in presence of 0.1, 0.75, and 1 g/L phenylthiourea (PTU) as a corrosion inhibitor at fixed speed of rotation for specimens of 600 rpm, were studied. The low carbon steel working electrode specimens have the following chemical composition: C 0.041 wt%, Mn 0.311 %, P 0.05 %, S 0.007% and the remainder is iron.
Experimental procedure
The polarization readings begin after reaching a corrosion potential variation over time equal to about 1 mV/min. The cathodic polarization readings are carried out beginning from a low potential of (-900 mV) until reaching the corrosion potential. The potential was changed by steps of (25 mV) and the current was recorded for each step with 1.5 minute intervals between steps. The anodic polarization readings start at a potential resulting in zero current density and is increased in steps of (25 mV) with the current recorded at each step and with 1.5 minute intervals until a potential of 400 mV above the corrosion potential is reached.
Result and discussions
Electrochemical polarization studies Polarization behavior of low carbon steel in 1, 3 and 5 M HCl in the presence and absence of inhibitors is shown in Fig. (1-3) . When the corroding metal is cathodically polarized, the following relationship is generally observed [12] :
where i app is the applied current density; i corr is the corrosion current density; ß a and ß c are the anodic and cathodic Tafel slopes; and ∆Ε is the over potential reverted to the corrosion potential. Equation (1) was used to determine numerically the unknown, i corr , ß a , and ß c by simple computer program (BETACRUNCH program); this program can be used to calculate corrosion current density, i corr , ß a and ß c from polarization data obtained from polarization figures by entering two sets of data for each condition, i.e., values of applied current density at ∆Ε equal to +20, +10, -10 mV and then +10, -10, -20 mV, in a total of two values of i corr , β a and β c were obtained and the average of these values for every conditions was tabulated, as shown in Table 1 , for acid solutions at different temperatures in presence and absence of the PTU as corrosion inhibitor. The values of steady state corrosion potential (E corr ) were calculated after 1 hour immersion time, and these values with inhibition efficiency (IE %), are collected in Table 1 . The relation determining the inhibition efficiency (IE %) is:
where i°c orr and i corr are the uninhibited and inhibited corrosion current densities, respectively, determined by extrapolation of cathodic Tafel lines to corrosion potential. Table 1 . Corrosion parameters at different conditions and fixed speed of rotation. The corrosion potential is influenced directly by acid concentration, temperature of the acid solution and inhibitor concentration, as can be observed in Table 1 . This means that at constant temperature of 303, 313, 323 and 333 K, the corrosion potential (in absence and presence of the inhibitor), shifts to more active direction (negative value) as the HCl concentration is increased. At constant acid concentration of 1, 3, and 5 M, the E corr shifts to more negative direction as the temperature is increased from 303 to 333 K. This observation indicates that both acid concentration and temperature lead the system under investigation to be cathodically controlled in absence and presence of the inhibitor. Table 1 also shows that, at constant temperature level and constant acid concentrations level, the increased addition of the inhibitor at concentrations of 0.1 g/L to 1.0 g/L and 0.75 g/L renders and shifts the E corr sharply toward more positive direction, indicating the effectiveness of PTU as inhibitor. Fig. (1-3) show that PTU inhibits both anodic and cathodic reactions, i.e., it is a mixed control inhibitor, the more relevant inhibition effect occurring on the anodic reaction. Puidori et al., Trabanelli et al. and Yamaok and Fischer [13] also found that PTU inhibits both anodic and cathodic reactions. From the examination of Fig. 1 , 2 and 3 and Table 1 , one can see that the addition of PTU reduces the current density. The reduction is more pronounced with the increase of the inhibitor concentration. Tafel plots indicate that the mechanism of hydrogen reduction is activation control. The presence of PTU does not affect the cathodic Tafel slope, indicating that the mechanism of H + reduction is not modified with the PTU concentration. The maximum inhibition efficiency was found to be (96.44%) at 1 M HCl, 333 K, and 1g/L inhibitor concentration, indicating that the efficiency of PTU is improved with temperature increasing.
Effect of temperature and activation studies
Thermodynamic parameters of the corrosion reaction, namely activation energy E act , entropy ∆S act and enthalpy ∆H act of activation, were calculated using Arrhenius Eq. (3) and its alternative formulation called transition state Eq. (4) . From the corrosion current densities obtained from polarization curves at different temperatures in absence and presence of PTU as corrosion inhibitor, Arrhenius plots were shown in Fig. (4 and 5) for a temperature range of (303-333 K) for a given acid concentration. Activation energies were calculated from the Arrhenius plots, which represent the relationship between log (i corr ) and the reciprocal absolute temperature:
While the transition state equation can be defined as: (4) where T is the absolute temperature, R is the universal gas constant, h is Plank's constant, and N is Avogadro's number. The values of entropy ∆S act and of the enthalpy ∆H act of activation were obtained using nonlinear estimation of equation 3 with good regression coefficients which are listed in Table 2 . The higher the acid solution concentration the lower the activation energy and activation enthalpy were recorded, indicating the dissolution process of the metal. This also indicates and means that the reaction at the metal surface requires a smaller activation energy and activation enthalpy to proceed when the acid solution concentration is increased. It is also observed that the activation energy E act and activation enthalpy ∆H act for uninhibited acid were lower than in inhibited acid. The higher values in the presence of PTU inhibitor indicate physical adsorption of the inhibitor on the metal surface. The results showed positive sign for both E act and ∆H act , reflecting the endothermic nature of corrosion process. The values of E act and ∆H act vary in the same way; it is obviously seen that the activation energy strongly increases in the presence of the inhibitor. Some authors [14, 15, 16] attributed this result to the fact that the inhibitor species are physically adsorbed on the metal surface.
The negative values of ∆S act pointed to a greater order produced during the process of activation. This can be achieved by the formation of activated complex and represents association or fixation with consequent loss in the degrees of freedom of the system during the process [17] .
Adsorption isotherm studies
The primary step in the action of inhibitors in acid solution is generally agreed to be the adsorption on the metal surface. This involves the assumption that the corrosion reactions are prevented from occurring over the area (or active sites) of the metal surface covered by adsorbed inhibitor species, whereas these corrosion reactions occur normally on the inhibitor-free area [18] . Accordingly, the fraction of surface covered with inhibitor species (θ=IE%/100) can follow as a function of inhibitor concentration and solution temperature. The surface coverage (θ) data are very useful on discussing the adsorption characteristics. When the fraction of surface covered is determined as a function of the concentration at constant temperature, adsorption isotherm could be evaluated at equilibrium condition. The dependence of the fraction of the surface covered θ on the concentration C of the inhibitor was tested graphically by fitting it to Langmuir's isotherm, which assumes that the solid surface contains a fixed number of adsorption sites and each site holds one adsorbed species. Fig. 6 shows the linear plots for C/θ versus C, suggesting that the adsorption obeys the Langmuir's isotherm:
where C is the inhibitor concentration, and K ads the adsorptive equilibrium constant, representing the degree of adsorption (i.e., the higher value of K ads indicates that the inhibitor is strongly adsorbed on the metal surface); the value of K ads obtained from the reciprocal of intercept of Langmuir plot lines and the slope of these lines is near unity, meaning that each inhibitor molecule occupies one active site on the metal surface. Moreover, the essential characteristic Langmuir isotherm can be expressed in terms of a dimensionless separation factor, R L [19] , which describes the type of isotherm and is defined by:
The smaller R L value indicates a highly favorable adsorption. If R L >1, unfavorable; R L =1, linear; 0<R L <1, favorable; and if R L =0, irreversible. Table 3 gives the estimated values of R L for APTT at different concentrations. It was found that all R L values are less than unity, confirming that the adsorption processes is are favorable.
The standard adsorption free energy ( ) o ads G ∆ was calculated using the following equation [20] :
where, 55.5 are the concentration of water in solution expressed in molar, R is the gas constant, and T the absolute temperature. The average value of standard adsorption free energy ∆G ads =-22.796 kJ.mol -1 . The negative values of ∆G ads ensure the spontaneity of the adsorption process and stability of the adsorbed layer on the metal surface. Generally, values of ∆G ads up to -20 kJ.mol -1 are consistent with electrostatic interaction between the charged molecules and the charged metal (physisorption), while those around -40 kJ.mol -1 or higher are associated with chemisorptions as a result of sharing or transfer of electrons from the organic molecules to the metal surface to form a coordinate type of bond [21] . While other researchers suggested that the range of ∆G ads of chemical adsorption processes for organic inhibitor in aqueous media lies between -21 to -42 kJ.mol -1 [22] . Therefore, for the present work the value of ∆G ads has been considered within the range of physical adsorption. (8) Using Eq. (8) , the values of enthalpy (∆H ads ) and entropy (∆S ads ) of adsorption were evaluated from the slope and intercept of the plot of ln K ads versus 1/T (Fig.  7) . The thermodynamic data of adsorption are depicted in Table 4 . The values obtained confirm the exothermic behavior of the adsorption process of PTU on the low carbon steel surface in hydrochloric acid. While an endothermic adsorption process (∆H ads > 0) is attributed unequivocally to chemisorption, an exothermic adsorption process (∆H ads < 0) may involve either physisorption or chemisorption or a mixture of both processes [24, 25] . In the present work, the negative value obtained may introduce physisorption processes which are confirmed by previous discussion. Also, the negative values of ∆H ads show that the adsorption is exothermal with an ordered phenomenon ascribed by the negative values of ∆S ads . This order may more probably be explained by the possibility of formation of iron complex on the metal surface [26, 27] , or inhibitor molecules may freely move in the bulk of solution before the adsorption process, while with progress in adsorption the inhibitor molecules were orderly adsorbed on the metal surface, which resulted in the decrease in entropy [28] . 
Conclusion
The corrosion rate of steel increases with temperature in all acid concentrations in the presence and absence of the inhibitor. The variation of corrosion rate with temperature in 1, 3, and 5 M acid concentration obeys the Arrheninus equation adequately in absence of PTU as corrosion inhibitor. It is found that the activation energy decreases with increasing the acid concentration. Phenylthiourea is found to obey Langmuir adsorption isotherm expressed mathematically in all acid concentrations studied. Phenylthiourea is a very efficient inhibitor through out the studied regions of temperature and both acid and inhibitor concentrations, and it inhibits carbon steel from corroding by HCl by affecting both anodic and cathodic reactions, with the anodic reaction prevailing.
